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Introduction
Silver nanoparticles (AgNPs) display unique optical, electrical and thermal properties, making them exceptional agents to be incorporated into products of electrical, textile, cosmetic, biological or even medical uses [1] [2] [3] . Since the 20 th century, AgNPs have been used in the biomedical field as antimicrobial agents [4] . AgNPs act effectively in the microorganism metabolism by attaching to the cell membrane and drastically disrupting its proper functions, such as permeability and respiration. Recent studies suggest the primary mechanism of antibacterial action of AgNPs to be the release of silver ions (Ag + ) [5] . Ag + ions can interact with the thiol groups of vital enzymes inactivating them and, ultimately, affecting the ability of the cell's DNA to replicate [6] . AgNPs possess remarkable antiseptic properties, broad range of activity against bacteria (gram-negative and gram-positive), fungi and virus, are bacterostatic (growth inhibition) and bactericidal, are biocompatible and, at low concentrations, are harmless to the human cells [3, 7] . In comparison to other antibiotics, bacterial resistant to AgNPs has been observed only rarely and does not constitute a complication [4] . In addition, several new and cheaper methods to produce AgNPs have been developed in the last years, which is of great importance for large scale production [3, 7] .
The AgNPs antimicrobial nature is described as size-and shape-dependent. It has been established that smaller NPs display better antimicrobial activity as they can penetrate easily the cell membrane and reach the nuclear content [6, 8] . Concerning shape, although truncatedtriangular-shaped NPs have been reported as the most bactericidal [9] , spherical NPs remain the best suited for practical applications in either colloidal form or immobilized state [10, 11] .
Many methods, chemical, physical, photochemical and biological, have been used to synthesize
AgNPs with controlled size, shape, distribution and stability [12] . Chemical methods are perhaps the most commonly used, as they provide a simple way to synthesize AgNPs in solution. Generally, the chemical synthesis of AgNPs requires three main components: a metal precursor, a reducing agent and a stabilizing agent [3] . The reducing agent reduces Ag + and promotes the formation of metallic silver (Ag 0 ). This is followed by agglomeration into oligomeric clusters that eventually generate colloidal AgNPs. To stabilize the dispersive NPs, prevent aggregation or binding, sedimentation and loss of surface properties, a stabilizing agent is added during AgNPs production [12] . For many years, organic and inorganic compounds, like citrates or surfactants, were used to stabilize the dispersive nature of AgNPs. However, problems with cost, scalability, control of particle size, size distribution and/or particle aggregation were very difficult to solve [13] . Recently, polymers such as poly(ethylene glycol) (PEG) or poly(vinyl alcohol) (PVA) have been recognized as effective stabilizing agents by implementing a protection mechanism based on steric repulsion. A balance is established between attractive and repulsive forces that depend on the polymer's chain length and adsorption mode [4, 14, 15] . These polymers govern not only the NPs size but also their surface charge and biological responses, including adsorption, distribution, metabolism, and excretion of the NPs [12, 16] . Natural origin polymers like chitosan, which exhibit better biocompatibility than the synthetic referred, have been used as well [17, 18] .
In the present study, the stability of AgNPs produced by chemical reduction method using PEG, PVA and chitosan as stabilizers was followed. The polymers were applied at different molecular weights (Mw) and concentrations, and their influence on the AgNPs size, shape and distribution (formation of aggregates) was established. Stabilizing AgNPs with water soluble polymers is very useful to improve the dispersion stability and antimicrobial performance of the NPs [19, 20] . Also, since AgNPs is cytotoxic and genotoxic in high concentrations, it is important to fabricate antibacterial surfaces with controlled release of Ag + . Systems prepared with polymeric matrices can prevent the direct contact of AgNPs with the skin and allow a precise and local release of Ag + [21] .
To enhance AgNPs antimicrobial action and safety, an oxidoreductase enzyme, laccase (Lac), was also combined with the polymer-stabilized AgNPs. Lac is a multicopper oxidase enzyme with great, but little explored, potential as a therapeutic agent in the fight against microbial organisms and biofilm formation, mainly due to its unique specificity, high activity and selectivity [22] . Lac is known to catalyze reactions that lead to the generation of antimicrobial species in the presence of mediators, oxyacids, phenols, iodine, and bromine [23, 24] . Direct antimicrobial activity of crude Lac has been observed and primarily attributed to the electrochemical mode of action, which consists in penetrating the cell wall of the microorganisms, thereby causing leakage of essential metabolites and physically disrupting other microbial key cell functions [25] [26] [27] . The major limitations of using enzymes as therapeutic agents are the inability of keeping them active, their rapid elimination, low concentration at site and availability [28] . Immobilizing Lac on a carrier is likely to solve all these problems [29] . There have been many reports on the immobilization of Lac on a variety of support materials, including alginate beads [30] , magnetic-chitosan [31] , Amberlite [32] , SiO 2 nanocarriers [33] and various metallic NPs [34] [35] [36] , to which Lac revealed great stability. [39, 40] . These novel materials combine the benefits of enhanced antibacterial properties of polymer-stabilized NPs, that allow a better-controlled release of ions rather than the bulk material, with the safe and unspecific action of enzybiotics, and thus reducing the potential hazard influence of AgNPs in the human body [41, 42] .
Materials and Methods

Materials
Silver nitrate (AgNO 3 , Sigma), trisodium citrate (Na 3 C 6 H 5 O 7 , Sigma) and sodium hydroxide (NaOH, Merck) were used in the production of the AgNPs. composition is provided in Table S1 from the supporting information). All water used was distilled (dH 2 O).
Synthesis of AgNPs: Bare and Polymer-Stabilized
AgNPs colloidal dispersion, at an approximate concentration of 0.02 mg L -1 , was synthesized in laboratory by a modified stepwise method of the conventional citrate reduction technique (also known as Turkevich method [44] ), as previously described [45] . The above concentration was established for comparison purposes with the commercially available AgNPs (Sigma), which concentration is 0.02 mg L -1 . For the entire process, the solutions were stirred at constant speed and the pH adjusted with 0.1 M of NaOH.
Bare AgNPs
A 100 mL of 1 mM AgNO 3 was heated to boiling point in a 250 mL flask. To this solution, 10 mL of 1% Na 3 C 6 H 5 O 7 were added dropwise (3.8 mM final concentration). The pH of the solution was adjusted to 7.7 with nitric acid (HNO 3 ) or NaOH. Because of evaporation, dH 2 O was added to restore the initial volume. The solution was heated again to boiling temperature until the colour changed (pale yellow). Then, it was removed from the heater and stirred until reaching room temperature (RT). The AgNPs were stored at 4ºC for 12 h prior to use to reduce the thermo-instability of the citrate emulsion. The first steps of the AgNPs synthesis in chitosan (deacetylation degree of 84.8 ± 1.2 %) were equal to those described in the previous sub-chapter (Bare AgNPs): 1 mM AgNO 3 was heated and 1% Na 3 C 6 H 5 O 7 was added dropwise. Then, 1.14 mL of acetone were added to the mixture together with 0.5, 0.75 or 1 g of chitosan, repeated for each Mw, to produce a 0.5%, 0.75% and 1% chitosan content in the AgNPs solution. The heating was kept until the chitosan was completely dissolved. The mixture was stirred until RT was reached.
Spectrophotometric Measurements
UV-visible spectra of AgNPs synthesized in the presence or absence of polymers were acquired using a Unican UV-Visible 2 equipment. Aliquots were collected from each mixture at different time points to test the AgNPs stability. They were diluted at 1:2, 1:4 or 1:8 when necessary to prevent deviation from Beer's Law linearity.
Dynamic Light Scattering (DLS) and Zeta Potential Measurements
The AgNPs size distribution, polydispersity index and zeta potential were measured by dynamic light scattering (DLS) and electrophoretic light scattering (ELS) using a Zeta Sizer-Nano (Malvern Instruments). Data was collected after 30 scans at a constant temperature of 25 ± 1ºC.
Zeta potentials were measured in solution at a moderate electrolytic concentration. Each value was obtained by averaging measurements of three samples.
Transmission Electron Microscopy (TEM)
The AgNPs morphology was observed using a JEOL JEM 1400 transmission electron microscope (TEM, Japan) operating at 120 kV. NPs samples were submitted to glow discharged carbon-coated copper grids followed by negative staining with 1% (w/v) uranyl acetate. This solution was used to improve AgNPs contrast and to easily visualize weaker electron contrast compounds, such as the used polymers and the degraded or transformed Ag species. Images
were digitally recorded using a Gatan SC 1000 Orius CCD (USA) digital camera. the ratio between the activity at a given time and the initial activity. All activities were reported as average ± SD of three independent measurements.
Enzymatic Stability
Free Lac stability at different pHs (2 to 9, using different buffers: citrate-phosphate pH 3-6; phosphate pH 7-8; carbonate-bicarbonate pH 9-11) and temperatures (20 to 70 ºC measured every 10ºC) was determined using ABTS, DMP and catechol as substrates. Thermal stability in function of time for the free enzyme was investigated by incubating Lac in ABTS (pH3), DMP (pH 6) and catechol (pH 7) for 60 min at 50 ºC (pH and temperature pre-established as optimal).
Lac thermal stability in function of time in the presence of bare AgNPs, polymer or polymerstabilized AgNPs was measured in DMP (pH 6) at 50ºC for 13 days. The solutions were kept in an oven at 50ºC and the activity measured each day at the same temperature. Enzymatic activity was measured following the method already described in the previous chapter. Data were reported as average ± SD of three independent measurements.
Results and Discussion
Bare AgNPs Characterization
The size distribution and the colloidal dispersion of the AgNPs is determined by the rate of NPs nucleation, subsequent growth and aggregation. Figure 1A shows the UV-visible spectra of the bare AgNPs. The very distinct and broad peak detected at 412 nm puts the range of NPs sizes between 30 and 80 nm and suggests a high polydispersity of the AgNPs [10, 48] . DLS spectra ( Figure S1 in the supporting information) corroborate these data. It estimates the average AgNPs size at ≈ 54 nm and the polydispersity index at 0.3, indicating a multimodal distribution [4] . The zeta potential (ζ) of the AgNPs, which gives a suggestion of the potential stability of the colloid, was determined at -30 mV and, thus, considered relatively stable. Indeed, if the particles' ζ values are more positive than +30 mV or more negative than -30 mV the colloids are considered stable [49] . Also, it indicates the AgNPs relative stability in the dispersion to result from the electric repulsion of the negative charge of the citrate ions adsorbed on the NPs surface [50] .
The TEM image from Figure 1B shows two families of spherical AgNPs, one formed of smallsized NPs, ≈ 30 nm (≈ 85%), and another formed of larger-sized NPs, ≈ 80 nm (≈ 12%). A third, very little family of rod-shaped AgNPs ranging 910 nm (≈ 3%) was also detected. DLS spectra ( Figure S1 in the supporting information) corroborate these data. The average diameter calculated by TEM was determined at 34.5 ± 30.1 nm, demonstrating the high polydispersity of the colloidal AgNPs dispersion. The size distribution of colloidal dispersion of solid particles is determined by the ratio between the rates of nucleation of the solid cores, their subsequent growth, and aggregation. As the reagents initial concentrations were elevated, a considerable number of nuclei were quickly generated, consuming the metallic specimens in the system and resulting in the formation of small NPs, with relative uniform size distribution [51] . Yet, a wide distribution of particle size and shapes, from spheres and cubes to rods and polygons are also observed. This feature is typical for silver colloids prepared by citrate reduction using weak reducing agents, like trisodium citrate [10, 52] .
Polymer-Stabilized AgNPs Characterization
To obtain highly stable NPs, with small diameters and uniformity of shape, the AgNPs were synthesized with PEG, PVA and chitosan at different Mw and concentrations. These polymers were used as stabilizing agents because of their polymerization degree and chain length, which is known to protect the NPs from aggregating [53, 54] . The level of interference of the polymers on the AgNPs adsorption spectra was taken into consideration by using the respective PEG and by Kvítek et al. [4] . TEM captures in Figure 3 confirm this statement.
The DLS and ζ of the polymer-stabilized AgNPs were not obtained due to the high viscosity and scattering effect of the polymer solution, which interfered with the reading. Instead, TEM was used to analyse the NPs size and shape. For most cases, the association of the AgNPs with PEG or PVA reduced the NPs heterogeneity both in size and shape, as expected [16] . The polymers surround the NPs (light grey area in turn of the NPs darker spot, very clear in the first image of Figure 3 ), protecting and conferring the NPs the ability to be recognized individually. Figure 3 shows many of the PEG-and PVA-AgNPs to be monodispersed and to display a spherical-like morphology; rod-shaped NPs are hardly observed. Within these groups, the average size and particularly the polydispersity were reduced when compared to the bare AgNPs (Table 1) .
Generally, high Mw led to the formation of more uniformly shaped NPs with smaller sizes. It has been shown that polymers with larger number of functional groups have the ability to increase the interactions with Ag + during nucleation. As more binding sites are provided for Ag(0) atoms to aggregate during reduction, a stronger physical barrier of polymeric chains surrounding the AgNPs is generated. This prevents uncontrolled aggregation and leads to the formation of monodispersed AgNPs [55] . Contradicting this notion are the results from PVA Mw 85,000. Here, aggregates were very frequent. As the Mw increases so does the viscosity of the solution. As a result, the AgNPs become entrapped within the polymeric matrix and are most difficult to identify individually. The same was observed for chitosan 800 Cps and 1600
Cps, also a very viscous polymer.
Differences in concentration between equal Mw polymers were neglected from this analysis, since they were found not significant. Only the highest concentrations tested were taken into consideration.
Lac Activity and Stability
Characterizing the Lac kinetics as function of pH, temperature and substrate provides important information about the enzyme stability with time and its saturation point, which are crucial to predict its behavior. Lac was diluted in appropriate buffers at 1:30,000 for ABTS, 1:60,000 for DMP and 1:1,000 for catechol substrates, and its optimal relative and specific activity was established. According to the collected data (Figure 4 ), Lac displays optimal activity at pH 3 in ABTS, pH 6 in DMP and pH 7 in catechol. Its specific activity was the highest in ABTS and the lowest in catechol [27] . The same was observed during temperature testing (Figure 5 A) . Once the optimum pH for each substrate was established, the kinetics of the enzyme was tested against a range of temperatures, from 20 ºC to 70 ºC. As expected, at low temperatures (20 ºC) the activity was the slowest since there is a break in the kinetic energy of the molecules in the system [56] . The enzymatic activity increases rapidly as the temperature rises to ≈ 50 ºC. After this point, as the risk of denaturation increases, the enzymatic activity decreases significantly.
Indeed, after a certain temperature, which for Lac is close to 60 ºC [57] , enzymes lose their native structure or conformational integrity and irreversible losses in function are likely to occur [58] . The optimal temperature for the three substrates was established at 50 ºC.
The stability of the enzyme Lac was followed for 1 h at 50 ºC, with data being collected every 10 min ( Figure 5C ). The ABTS substrate was the one promoting the highest enzymatic activity in the very first moments. However, its stability was compromised very quickly (10 min), becoming inactive after 1 h. This happens because Lac oxidizes ABTS to form ABTS + and ABTS ++ . Lac is quite stable in the presence of ABTS + ; however, the divalent cations destabilize the enzyme with time as they generate conditions unsuited to its performance [59] . Although catechol was the substrate with the highest stability after 1 h testing, DMP was the selected substrate because of its similarly good stability with time and higher specific activity compared to catechol (Figure 4 and 5).
Lac Activity and Stability in DMP on Polymer-Stabilized AgNPs
The process of immobilizing enzymes or proteins on NPs is known to alter their conformation and ionization/dissociation states [60] . By using polymers as stabilizing agents, random intra and intermolecular cross-links are generated with these molecules providing great stability during immobilization [61] .
Lac and polymer-stabilized AgNPs were incubated at 50 ºC and the enzyme activity was measured until it was inexistent or residual, using DMP as substrate ( Figure 6 ). The maximum incubation period was established at 13 days, at which point most tested groups ceased their activity. After day 1, all polymer-stabilized AgNPs groups exhibited specific activity, however lower than the controls ( Figure 6A ). The highest activity was registered by 1% PVA Mw 9,000
and Mw 31,000, 3% PVA Mw 13,000 and 5% PEG Mw 1,500. After 3 days of incubations, Lac lost its activity in most polymer-stabilized AgNPs with only 1% PVA 85,000 and 3% PVA Mw 9,000 registering activity above 100 U/mL. Past this point, the Lac-AgNPs control group became inactive, while the free Lac remained active until day 9, however at a much lower level.
At the end of 6 days both PVA Mw 9,000 and 31,000 lost their activity completely, which occurred at day 10 for PEG Mw 10,000 and chitosan 1600 Cps.
In theory, it would be expected PEG to repel Lac due to its antifouling nature. Yet, the interaction was successful. Recent studies have shown that PEG binds to proteins under certain conditions [62] . Protein-PEG interactions in solution display a temperature-dependent behaviour, which becomes more favourable as the temperature rises above 37 ºC. The temperature used to synthesize the AgNPs was 100 ºC and all the Lac activity measurements were conducted at 50 ºC. PEG chain segments can also adopt multiple configurations and different conformers while interacting with water molecules and NPs. Hence, PEG interactions with water, protein and NPs cannot be reduced to a simple polymer theory, such as the excluded volume, since there is no theoretical model that adequately predicts the behaviour of PEG [63] .
A particular kinetics of enzymatic activity was observed with PEG Mw 1,500 and Mw 10,000
and PVA Mw 13,000 and Mw 85,000: a slow decrease in activity was followed by a sudden increase, which was finally succeeded by an even quicker drop. This phenomenon is explained by the polymers water-soluble properties. As the polymer loses its stability in water, the enzyme immobilized detaches from the polymeric micelle and, consequently, an increase in its specific activity is detected by the system. However, because the enzyme loses its polymeric protection, its activity cannot stand and decays very quickly [64] . In most groups, at a polymer concentration of 5%, the Lac activity is lost (or becomes residual) at the end of 3 days. The amount of polymer interacting with the enzyme prevents its access by the DMP substrate. Lac revealed great stability in the presence of PVA Mw 13,000, particularly at 1% concentration, expressing activity even after 13 days (up to 18 days, data not shown). For most polymers, a balance between the highest and the lowest concentration, 3%, was seen to be the most effective in promoting Lac activity.
In contrast with the other polymers, chitosan instigated very little enzymatic activity. With the exception of 1% chitosan at 800 Cps, the rest were barely noticed. Chitosan being a polyelectrolyte of positive charge is capable of destabilizing the enzyme activity and significantly influence the immobilization process. In its linear polyglucosamine chains of high Mw, chitosan possesses reactive amino and hydroxyl groups amenable of chemical modifications. Its singular alkaline properties, which confer a positive charge, allow chitosan to efficiently interact with polyanionic compounds like proteins [65] . Thus, by enabling many ionic interactions, chitosan restricts the mass transfer between the substrate and Lac. Despite the clear interference of chitosan in the stability and activity of the enzyme, the repulsion between the AgNPs and the chitosan positive charges allows for some mobility. This may be responsible for the residual activity manifested after day 3 in the presence of AgNPs but not in its absence ( Figure 6C ).
In the absence of AgNPs ( Figure 6C ), Lac activity only lasted 3 days regardless the polymer in use and concentration tested. The kinetics of activity was also similar, starting high at day 1 and continuously decreasing until day 3. These results attest to the efficacy of the polymer-stabilized
AgNPs to promote Lac activity and stability throughout time. Data suggests that the enzyme becomes protected once in contact with the polymer-stabilized AgNPs, which guarantees its stability. Lac-AgNPs or free Lac (controls) showed low stabilities [66, 67] . Although extra polymer is present in the solution and can interact with the NPs or enzyme, its protection is not as effective as when the polymer is conjugated with AgNPs. The polymers are not capable of stabilizing the enzyme by non-specific interactions [68] . It is necessary the formation of a stable hydrogel structure to which the enzyme binds strongly, avoiding diffusion into the surrounding media, acquiring protection from denaturing factors and, simultaneously, obtaining access to the active sites, thus potentially enhancing its operational stability [69] . Under these premises, it is likely the PVA or PEG to regulate not only the NPs size and shape but as well to limit the deleterious effect of the Ag + release on the enzyme structure. Data from the control groups ( Figure 6A ), show that Lac activity only lasts 3 days in the presence of AgNPs, while in its absence, free Lac, remains in action for another six days, however at a much lower level (≈ 130 U/mL), and only ceases at day 9 (≈ 5.1 U/mL). The enhanced stability of AgNPs dispersions provided by water-soluble polymers is usually based on the steric repulsion of the polymers that are immediately adsorbed at the phase interphase. The balance between the attractive and the repulsive forces is strongly dependent on the thickness of the adsorbed layer, which, on its turn, is function of the chain length and adsorption mode of the used polymer [70] . This could explain the increase in Lac activity manifested by the hybrid AgNPs-polymer-Lac with time. The decrease in diameter of the polymeric coating surrounding the NPs may favor the detachment and diffusion of the enzyme in solution, until the protection offered is too weak to prevent the Ag + from releasing and denaturing the enzyme [66] . This behavior not only reveals a synergistic effect on the Lac stability but also allows a time-dependent action of the antimicrobials in which, first the Lac and second, after enzyme denaturation, the Ag + act to reduce the risk of resistance-associated mutations.
A quick analysis of the Lac activity on polymer-stabilized AgNPs in the presence of ABTS (pH 3) substrate was also conducted ( Figure S2 in the supporting information). Data collected revealed very little activity throughout time regardless the polymer used as protecting agent.
The differences in optimal pH between ABTS and the phenolic substrate DMP reflect the difference in Lac oxidation mechanism for each substrate that may affect the stability of complex systems like those in study [71] . Even so, in the absence of AgNPs, Lac demonstrated greater activity than with DMP. This is explained by the fact that the oxidation of ABTS to the stable cation radical does not involve protons, and thus possesses a redox potential independent of pH. On the other hand, Lac is greatly affected by the difference in pH due to the contribution of the OH − inhibition. Another explanation can be attributed to the enhanced Ag + solubility and high degree of aggregation of the AgNPs in presence of dissolved O 2 at low pH values [72, 73] .
Conclusions
Synthesis of AgNPs by citrate reduction method using polymeric reducing agents, PEG, PVA and chitosan, resulted in tunable AgNPs sizes and shapes. As protecting agents, PEG and PVA promoted the formation of spherical uniformly-shaped, small-sized, monodispersed NPs. With the exception of PVA Mw 85,000, which generated aggregates (high viscosity), high Mw polymers were established as most effective in producing small-sized NPs. Chitosan's viscosity impaired this phenomenon.
Lac activity and stability were stimulated in the presence of DMP. A decrease in the enzymatic activity was detected once Lac was immobilized on the PEG-and PVA-AgNPs. This, however, was promptly disregarded as the polymer-stabilized AgNPs increased the enzyme stability over time and were capable of maintaining its activity up to 13 days. At this point, the polymers lost their stability in water and the enzyme lost its protection. At high polymer concentrations (5%), however, Lac activity was lost after 3 days since the polymer prevented the access by DMP. By enabling many ionic interactions, chitosan restricted the mass transfer between Lac and substrate and, thus, promoted very little enzymatic activity.
Generally, the efficacy of the polymer-stabilized AgNPs in promoting Lac stability with time was established. By implementing this strategy, the limitations of using both AgNPs and enzymes as therapeutic agents in the fight against microbial organisms and biofilm formation could be overcome, and a new antimicrobial synergistic approach with promising biomedical applications uncovered. Moreover, since the release of the Lac and Ag + antimicrobial effects are different in time, this hybrid allows a superior antimicrobial effect reducing the risk of the appearance of drug resistance-associated mutations.
At this moment, microbiology experiments using gram-positive and gram-negative bacteria are at course with the goal of proofing this concept. Different methods are being used to establish the antimicrobial synergistic effect of Lac, polymer stabilizers and AgNPs, and its cytotoxic profile is being outlined recurring to human fibroblasts. In a near future, a report of the data acquired will be published.
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